Pentameric ligand-gated ion channels (pLGICs), which mediate chemo-electric signal transduction in animals, have been recently found in bacteria. Despite clear sequence and 3D structure homology, the phylogenetic distance between prokaryotic and eukaryotic homologs suggests significant structural divergences, especially at the interface between the extracellular (ECD) and the transmembrane (TMD) domains. To challenge this possibility, we constructed a chimera in which the ECD of the bacterial protein GLIC is fused to the TMD of the human α1 glycine receptor (α1GlyR). Electrophysiology in Xenopus oocytes shows that it functions as a proton-gated ion channel, thereby locating the proton activation site(s) of GLIC in its ECD. Patch-clamp experiments in BHK cells show that the ion channel displays an anionic selectivity with a unitary conductance identical to that of the α1GlyR. In addition, pharmacological investigations result in transmembrane allosteric modulation similar to the one observed on α1GlyR. Indeed, the clinically active drugs propofol, four volatile general anesthetics, alcohols, and ivermectin all potentiate the chimera while they inhibit GLIC. Collectively, this work shows the compatibility between GLIC and α1GlyR domains and points to conservation of the ion channel and transmembrane allosteric regulatory sites in the chimera. This provides evidence that GLIC and α1GlyR share a highly homologous 3D structure. GLIC is thus a relevant model of eukaryotic pLGICs, at least from the anionic type. In addition, the chimera is a good candidate for mass production in Escherichia coli, opening the way for investigations of "druggable" eukaryotic allosteric sites by X-ray crystallography.
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Gloeobacter violaceus | allosteric effector | evolution | fusion protein | membrane protein P entameric ligand-gated ion channels (pLGICs) mediate chemo-electric signal transduction in animals, thereby fulfilling key physiological functions, including neurotransmission. They are composed of five identical or homologous subunits and carry one to five agonist binding sites on their extracellular domain (ECD) that govern the opening/closing motion of the ion channel within the transmembrane domain (TMD, composed of four helices labeled M1-M4). In human, ≈40 genes code for pLGIC subunits that are organized into two phylogenetic subclasses: cationic excitatory channels, such as nicotinic acetylcholine (nAChR) and 5HT 3 receptors, and anionic inhibitory channels, such as glycine and GABA A receptors (1) . More recently, several new members of the family have been discovered in prokaryotes (2) , such as the homologous protein from Gloeobacter violaceus (GLIC), which forms a homopentamer functioning as a proton-gated ion channel (3).
Eukaryotic and prokaryotic receptors clearly display homologous structures, characterized by a highly conserved β-sandwichfolded ECD coupled to an all-helix TMD, as described by electron microscopy observation of the Torpedo nAChR (TnAChR) (4) , and the X-ray structures of the acetylcholine binding protein (AChBP) (5), of the prokaryotic homologs ELIC (6) and GLIC (7, 8) , and of the GluCl receptor from Caenorhabditis elegans (9). However, important local differences exist between the GLIC/ ELIC/GluCl X-ray and the TnAChR electron microscopy structures, especially regarding loops at the ECD-TMD interface and the vertical register of the TMD helices. These discrepancies might be due to the medium resolution of electron microscopy data but can also come from the phylogenetic distances between these homologs. In the study reported here we challenged the structural and functional compatibility between the ECD of the prokaryotic GLIC and the TMD of the eukaryotic α1GlyR and constructed a prokaryotic-eukaryotic chimera composed of these two domains.
Results
Design of a GLIC ECD -α1GlyR TMD Chimera Minimizing Structural Mismatches.
We aligned the GLIC sequence with two representative homomeric members of the family, anionic α1GlyR and cationic α7nAChR (Fig. S1 ). For the ECD, this alignment shows sequence identity of 18-19% between GLIC and both α7nAChR and α1GlyR. In contrast, for the TMD, sequence identity is 20% and 26% between GLIC and α7nAChR and α1GlyR, respectively. The higher score for GLIC/α1GlyR alignment is in line with the conservation of clusters of residues all along the sequence of the TMD, whereas the alignment between GLIC and α7nAChR for the M3 and M4 segments remains ambiguous (10, 11) . Consequently, we selected the α1GlyR for the construction of the chimera.
Together with the alignment, the X-ray structure of GLIC allows for several predictions that help the construction of a chimera with minimum putative mismatches at the prokaryoticeukaryotic protein interface (Fig. 1) . (i) The point of fusion was selected at the site of the conserved RQ (192) (193) motif that precedes M1. (ii) The tip of loop 7 of the ECD protrudes down into the TMD, at the level of which the YPF (119-121) motif elicits multiple interactions. Consequently, it was mutated into the FPM sequence of the α1GlyR. (iii) Because the C-terminal tip of M4 also elicits several contact points with loop 7 of the ECD, this portion was mutated into that of GLIC [FGF (315-317)]. (iv) The large cytoplasmic loop, which is absent in GLIC and removable in eukaryotic pLGIC (12) , was replaced by the short segment of GLIC [SQP (283-285)].
GLIC ECD -α1GlyR TMD Forms a Proton-Gated Channel. Two-electrode voltage-clamp electrophysiology on Xenopus oocytes expressing the chimera shows that it forms a proton-activated channel (Fig.  2) . The activation shows a relatively fast kinetic, and the current reaches a plateau or displays a slow decay during prolonged application at the highest proton concentrations (see pH 5 in Fig.  2A ). At pH 5, the current decay was fitted to a single exponential with an average rate constant of 0.029 ± 0.016 s −1 (i.e., a time constant of 42 ± 18 s; n = 65). The EC 50 of the maximal response to protons is 3.3 ± 0.1 × 10 −7 M (pH 6.5) with a Hill coefficient nH = 1.10 ± 0.05. This activated current is fully inhibited by picrotoxinin, which is a potent inhibitor of both GLIC and α1GlyR. At pH 5.5, the application of 10 and 50 μM picrotoxinin yielded a 55% ± 11% and 93% ± 6% inhibition, respectively (n = 3; Fig. 2C ). In addition, the application of picrotoxinin at pH 8 produces a significant decrease of the holding current at −60 mV, suggesting a slight activation at pH 8. Activation at higher proton concentrations produced currents of identical amplitude to that observed at pH 5, indicating that the plateau for activation has been reached. (Fig. 2D) show that the current elicited by proton concentrations between 10 −8 and 10 −5 M is characterized by a marked outward rectification. The variation of the E rev as a function of external NaCl concentration is well fitted by the Goldman-Hodgkin-Katz equation assuming that only chloride ions contribute to the currents (Fig. 2E) .
Outside-out patch-clamp recordings from BHK cells expressing the chimera showed single-channel activity when switching the extracellular pH from 8 to 6 (Fig. 3A) . Such events were not detected in patches excised from BHK cells transfected with GFP only. In our recording conditions, the open state probability was close to zero at pH 8, in patches producing an activity at pH 6.
Single-channel currents elicited at pH 6 were undetectable at 0 mV in symmetrical chloride conditions (Fig. 3B ), whereas inward currents could be detected at up to +20 mV on the same patch when the extracellular chloride concentration was reduced to one third. Thus, single-channel current polarity varies with the reversal potential for chloride ions, confirming that the chimera is selective for anions. Single-channel recordings performed at various stationary holding voltages (Fig. 3C ) result in a linear I-V relationship with a conductance of 85 pS between −80 and −30 mV (Fig. 3C) . For direct comparison, we challenged the hα1GlyR and GLIC T255A [selected because it is significantly activated at pH 6 (13)]. pH 6-elicited currents through GLIC T255A channel indicates a single-channel conductance of 8 pS between −80 and 0 mV, in agreement with Bocquet et al. (3) . Glycine (50 mM)-elicited currents on the hα1GlyR indicate a single-channel conductance of 85 pS ( Fig. 3C and Fig. S2 ). Therefore, the chimera exhibits a singlechannel conductance value identical to that of the α1GlyR channel.
Glycine receptor channels, including the α1GlyR, are known to exhibit several conductance sublevels in addition to the major 85-pS large conductance level recorded above (14) . Current traces from the chimera show additional lower amplitude singlechannel events (Fig. S2B ), which may correspond respectively to substates III, IV, V, and VI, in addition to the main state II detected by Borman et al. (Fig. 3 of ref. 14). These results suggest that the subconductance levels are also preserved in the chimera.
GLIC ECD -α1GlyR TMD Is Potentiated by General Anesthetics, Alcohols, and Ivermectin. GLIC and α1GlyR display opposite pharmacological properties regarding most allosteric modulators. GLIC is The decreased E rev as the ionic concentration increases demonstrates that the channel is selective for anions. Each point results from at least three independent experiments. For all plots, error bars report SD.
inhibited by a wide range of general anesthetics, including volatile and injected compounds at clinical concentrations (13, 15) . It is also inhibited by alcohols ranging from propanol to decanol, whereas methanol and ethanol have a weak potentiating effect (16) , and is weakly inhibited by the antiparasitic compound ivermectin (18.8% ± 2.1% at 30 μM, n = 3). In contrast, α1GlyR is potentiated by volatile (17) and injected anesthetics such as propofol (18) . It is potentiated by alcohols including long-chain alcohols (19) , as well as ivermectin (20) . The sensitivity of the chimera toward these effectors was investigated at 10 −8 M and 10 −6.8 M (EC 30 ) proton concentrations. All tested general anesthetics robustly potentiate the chimera (Fig. 4) . The most potent general anesthetic is propofol, which triggers an up to 10-fold potentiation of the pH 6.8-elicited currents with an EC 50 of 340 ± 90 μM (nH = 1.45 ± 0.37). Although it takes some time to fully wash away, the effect of propofol is reversible. Robust propofol-elicited currents are also observed at pH 8 ( Fig. 4 A and C, Insert) . However, we cannot conclude a direct activation here because 10 −8 M of proton possibly produces a minor activation (Fig. 2C) . However, direct activation would be reminiscent of homomeric α1GlyR and α1β2γ2-GABA A receptor that are activated by volatile general anesthetics and hexanol in the absence of agonist (Fig. S3) .
Unexpectedly, the time course of the propofol response is biphasic, the rapid and transient potentiation being followed by an exponential decay of the response (Fig. S4) . In addition, upon removal of propofol, a rebound current (i.e., a transient increase in currents) is observed (asterisk in Fig. 4A ). These observations suggest that propofol promotes desensitization and/or an additional allosteric inhibition of the chimera. Such decay is also observed for other potentiators described below (isoflurane in Fig. 4B and hexanol in Fig. 5A ).
All tested volatile anesthetics potentiate the chimera as well, although less potently than propofol, at pH 6.8 ( Fig. 4B ) and pH 8 (Fig. S5) . The maximum potentiation at pH 6.8 could not be determined owing to the limitation in anesthetics' solubility. The concentrations reuired for a 200% potentiation of the pH 6.8-elicited currents are 0.55, 1.04, 1.05, and 4.15 mM for halothane, isoflurane, sevoflurane, and desflurane, respectively, compared with the 0.12 mM required for a 200% potentiation by propofol.
Ethanol and the long-chain alcohol hexanol were also found to promote reversible potentiation of the chimera (Fig. 4) . A high concentration of ethanol is necessary (>200 mM) to potentiate pH 6.8-elicited currents. Hexanol is more potent and promotes up to eightfold potentiation at 30 mM. Hexanol also activates/ potentiates currents at pH 8 at higher concentrations. Finally, we found that ivermectin potentiates the chimera. This potentiation is transient and followed by a slow, complete, and irreversible decay of the response (Fig. 5 and Fig. S4) . A 200% potentiation can be observed in the presence of 0.9 μM ivermectin and is followed by an inhibition with a decay constant of 0.02 s −1 .
Discussion
GLIC ECD -α1GlyR TMD Chimera Is a Proton-Activated Chloride Channel.
A distinctive feature of the chimera is that it is activated by protons, whereas the α1GlyR is inhibited by protons in a noncompetitive manner (21) . This shows that the proton sensor of Higher concentrations could not be tested owing to the solubility limit. Insert: Activation by PPF at pH 8 normalized to the maximal current measured at pH 5. n = 3 independent oocytes for each concentration of each compound; values ± SD.
GLIC is carried by the ECD. The chimera shows a time course of proton-elicited activation and decay similar to that of GLIC. However, distinctively from GLIC, which is activated at a pH below 6 (pH 50 = 5), the chimera is already activated at pH 7 (pH 50 = 6.5). This suggests that the chimera is allosterically stabilized in the active conformation compared with GLIC. Similar phenotypes are obtained on GLIC with a single mutation at position 9′ within the channel (3) or T255A within the general anesthetics' binding site (13) . Whole-cell and single-channel recordings demonstrate that the chimera carries a chloride-selective channel with a unitary conductance equal to that of the intact α1GlyR. Furthermore, conductance sublevels similar to the ones observed on α1GlyR are detected on the chimera. The removal of the intracellular loop region, and more importantly coupling of the α1GlyR TMD with the ECD of GLIC, preserves intact ion channel properties.
GLIC ECD -α1GlyR TMD Chimera Displays Typical α1GlyR Transmembrane Pharmacology. All effectors tested on the chimera, except ethanol, display opposite pharmacological effects by inhibiting GLIC and potentiating the α1GlyR. We show here that they all potentiate the proton-elicited currents of the chimera. Propofol, ethanol, hexanol, and ivermectin potentiations of the chimera occur in the same concentration ranges as what has been published for the α1GlyR (18-20) . Notably, the long-chained alcohols are more effective at lower concentrations than shortchained alcohols, and high-ethanol concentrations (>50 mM) are required to potentiate both the α1GlyR and the chimera. The volatile anesthetics seem to be slightly less effective than what is reported on the α1GlyR (22, 23) . Ivermectin potentiates the α1GlyR at concentrations below 0.03 μM and activates it at concentrations above 0.03 μM, involving a complex mechanism that is largely irreversible.
Overall, despite the absence of the α1GlyR large cytoplasmic loop, which contributes to high-affinity ethanol and propofol modulation (24) and the different ECD, the pharmacologies of potentiation observed on the α1GlyR and the chimera are similar. This supports a location of the main binding sites for allosteric modulation within the TMD. This idea is already supported by numerous mutational (25) and affinity labeling (26) analyses performed on the glycine/GABA A receptors (27) and by the recent X-ray crystallographic data on GLIC (28) . These studies stress the contribution of two cavities in the allosteric modulation, both located in the upper part of the TMD: one at the center of the four helices bundle in each subunit, and one at the interface between subunits. In the chimera, only residues from the α1GlyR border these cavities that seem to be unaltered in the chimeric context.
Interestingly, most allosteric potentiators tested produced a biphasic effect: a rapid potentiation of pH-evoked currents, followed by a slow decrease of the currents that sometimes reaches intensities lower than that of the control response to proton. This indicates that most effectors either promote receptor desensitization (i.e., a slow isomerization of the protein toward a closed conformation refractory to activation) or slowly bind to an additional inhibitory site. It is noteworthy that the proton-elicited currents show a similar phenomenon, as observed at pH 5 on the trace in Fig. 2 , where the peak current is followed by a slow decrease of the response. The fact that such a decrease is promoted by effectors as diverse as protons, volatile general anesthetics, propofol, and hexanol argues in favor of a mechanism intrinsic to the receptor, most likely a desensitization process. Such a desensitization-driven effect has been described for GABA A receptors (29) and for the α1GlyR (30) with alcohols. However, we often observed with hexanol and propofol a repotentiation upon rinsing (rebound current; see asterisk on traces in Figs. 4 and 5 ). This effect might reflect the presence of additional inhibitory binding sites displaying a faster dissociation constant than the activation sites.
Functional Data Support a Structural Intactness of the α1GlyR TMD Structure When Coupled to GLIC ECD . Regarding the ECD portion, atomic resolution data of eukaryotic pLGICs have been obtained thanks to AChBP. The β-sandwich core of AChBP can be almost perfectly superimposed to the β-sandwich core of both GLIC and ELIC, whereas most peripheral loop regions are structurally variable owing to local flexibility and sequence divergence. The main exception concerns loops 2 and 7. The X-ray structure of GLIC's isolated ECD shows that these loops adopt a disordered conformation in the absence of the TMD (28), whereas they are well structured in the full protein.
Regarding the TMD, comparison of GLIC and TnAChR shows the conservation of the organization of the α-helices bundle. M2 borders the channel and is surrounded by M1 and M3, whereas M4 is peripheral. The axis and position of all helices are well conserved, but important discrepancies exist between the registers of the M2 helices. For instance, residues in position E-2′ of GLIC align with residues T2′ in TnAChR. Additionally, all helices are extended by one additional turn in TnAChR compared with GLIC. The loop linking the M2 and M3 segments (M2-M3 loop) is located within the subunit in TnAChR but at the interface between subunits in GLIC. SCAM (substituted cysteine accessibility method) studies on GABA A receptors tend to favor the TnAChR model in the upper part of the channel (31) . Cysteine cross-linking experiments investigating the register of M2 and M3 helices support the TnAChR model in one study (32) and the GLIC model in another (33) . In addition, no satisfactory alignment can be proposed regarding the C-terminal portion of the TMD (including M2-M3 loop, M3, and M4 segments) between anionic and cationic homologs. This further stresses that homology models of anionic homologs based on TnAChR have to be used cautiously.
Our observations provide strong evidence that the structure of the TMD of α1GlyR is unchanged when incorporated into the chimera. (i) The pore of the chimera displays an ionic selectivity, a single-channel conductance, and even conductance sublevels close, if not identical, to those of the α1GlyR. This reveals a preserved structure of the bundle of M2 helices lining the pore. (ii) The chimera displays a pharmacology for eight different allosteric modulators typical of the α1GlyR, pointing to an overall conservation of the corresponding binding sites. This supports a structural intactness of the TMD and notably of the upper part that carries the binding sites of general anesthetics and alcohols (13, 25, 26) . (iii) The sequences of GLIC and α1GlyR display clear homology all along the TMD. Altogether, we provide evidence that GLIC and α1GlyR share highly homologous 3D structures, supporting that GLIC is a relevant model for investigating both structure and gating of eukaryotic receptors from the anionic family. This idea is further supported by the recent X-ray structure of the GluCl receptor from Caenorhabditis elegans, which is clearly homologous to the structures of both GLIC and ELIC (9) .
Common Gating Mechanism Within the Whole pLGIC Superfamily. A striking conclusion of the present study is that, despite billions of years of evolution, the ECD and the TMD are still compatible to yield a functional ligand-gated ion channel. This implies the conservation of key motifs required for the conformational transition to be transmitted between the ECD and the TMD: the pre-M1, loop2, and loop7 from the TMD, with the top of each helix and loop M2-M3 from the TMD. The structure of GLIC shows that the interactions occurring at the domains interface (TMD-ECD) are, for the most part, intrasubunit interactions, with loop 7 having the central role of interacting directly with all other motifs ( Fig. 1  and Fig. S6 ). The exception to that observation is the interaction between loop M2-M3 of one subunit with the top of M1 from the adjacent subunit.
Altogether, the gating mechanism seems to be conserved within the whole family, because functional cationic/cationic chimera between α7nAChR (ECD) and 5HT 3 R (TMD) (34) and cationic/ anionic chimera between α7nAChR (ECD) and α1GlyR (TMD) (35) have also been described. Sequence comparison of representative members of the family shows that only a few residues are universally conserved in the coupling region (Fig. S6) . (i) Three titrable residues that are interacting in the GLIC structure, D32, R192, and D122. The two earlier residues correspond to E42 and R209 in α1nAChR and form a salt bridge required for proper folding (36) . (ii) A cluster of hydrophobic residues from loop 7 that mainly contribute to interaction with the TMD. (iii) Two canonical proline residues within loop 7 and loop M2-M3, which in GLIC seem required for the loop conformation. Most of these residues seem essential for proper folding of the subunit. It can thus be speculated that gating is the result of shape complementarity between surfaces of the ECD and the TMD, rather than specific amino acid interactions. Accordingly, the amino acid sequence disparities at this level would be involved in fine tuning of the gating, for instance by modulating the kinetics of activation as shown for α7nAChR-α1GlyR chimera (35) .
It is worth emphasizing that the present chimera was designed with few modifications at the ECD-TMD interface and readily produced a functional channel. To minimize putative mismatches at the ECD-TMD interface, the tip of the loop 7 was mutated into the tip of α1GlyR (Y119F/F121M) and the C-terminal extracellular tail to the C ter sequence of GLIC (K 315 IVRREDVHNQ into F 315 GF). The effects of both sets of mutations were investigated by performing the reversed mutations independently on the chimera (Fig. S7) . Interestingly, both sets of reversed mutations produce a similar phenotype, characterized by much faster apparent rates of activation, followed by a rapid decay of the response to reach eventually a plateau. The dose-response curves as well as the maximal proton-elicited currents are not significantly different from that of the parent chimera. These data suggest that both mutations individually accelerate the kinetics of the channel, with the appearance of a fast desensitization component. Altogether these data illustrate the robustness of the coupling between the ECD and the TMD and highlight the key contribution of variable residues between GLIC and the α1GlyR in modulating the kinetics of the channel.
Conclusion
Structural studies of neurotransmitter receptors from the pLGIC superfamily have been undermined by the difficulty to purify and crystallize eukaryotic membrane proteins. The GLIC ECDα1GlyR TMD chimera does not require the posttranslational modifications that the eukaryotic ECD typically undergoes. It is therefore a good candidate for expression in Escherichia coli and subsequent X-ray crystallography. Our work opens the way to atomic-resolution structural investigations of the eukaryotic TMD, which includes the ion channel and bears "druggable" regulatory binding sites that are clinically relevant.
Materials and Methods
The cDNA of the chimera was constructed as a synthetic gene (Geneart), fused at the 5′ end with the coding sequence for eukaryotic signal peptide and at the 3′ end to an HA tag coding region, and was cloned in the pMT3 vector as previously described (3). Two-electrode voltage clamp electrophysiology in Xenopus oocytes was performed as previously described (13) . Patch-clamp recordings were performed on the tk-ts13 variant of BHK cells transfected using the calcium phosphate procedure. Single-channel currents from outsideout patches were low-pass filtered at 1-3 kHz (chimera and α1GlyR) or 0.3 kHz (GLIC). The signal was digitized at a sampling frequency of 10-40 kHz. The intracellular solution was composed of 130 mM CsCl, 1 mM MgCl 2 , 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), and 10 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), adjusted to pH 7.2 with Nmethyl-D-glucamine. In symmetrical conditions, the extracellular solution was composed of 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM Mes, adjusted to the desired pH. In the low extracellular chloride solution, two-thirds of NaCl was replaced by sodium gluconate, moving E Cl to +35 mV (pH 8) or +30 mV (pH 6). Specifications are provided in SI Materials and Methods. 
